Oxide dispersion strengthened (ODS) ferritic steel developed as a fast breeder reactor fuel cladding is an advanced heat-resistant steel, and its high-temperature strength depends on not only transgranular deformation but also intergranular deformation. The objective of this study is to elucidate the grain boundary deformation process using 15CrODS ferritic steel. From the double logarithm plot for stress and strain rate at 800°C, the stress exponent n becomes over 10, and the real strain rate is an order of 10 5 lower than that which suggests that the simple grain boundary sliding. The serration structure, which is aggregation of micro-cracks perpendicular to the stress axis, was clearly observed along coincident site lattice boundaries. Also, sub-grains are produced along grain boundaries. From these observations, the localized deformation near grain boundary is considered to be the dominant deformation process of 15CrODS ferritic steel.
Introduction
Oxide dispersion strengthened (ODS) ferritic/martensitic steels are significantly strengthened by dispersed nano-size oxide particles in the ferrite matrix, 14) and these steels are being developed by Japan Atomic Energy Agency (JAEA) as one of the most promising cladding materials for sodiumcooled fast breeder reactors. Recrystallization heat treatment is responsible way for controlling grain structure in 12-15CrODS ferrite with the aims of improvement of their creep strength and ruptured time. 5) For the recrystallized 12CrODS ferrite manufactured in the form of cladding tubes, it was shown that creep rupture strength is reduced in hoop direction as compared with the longitudinal direction, when an internal gas pressure was loaded into cladding tube. 5) This strength degradation in the hoop direction could be attributed to a sliding deformation at grain boundaries aligning 45°with a stress direction. 5) Nakashima et al. also suggested by means of a transmission electron microscopy that the grain boundary sliding is caused at specific coincidence site lattice (CSL) in the recrystallized ODS ferritic steel. 6, 7) In this study, we conduct creep tests for the recrystallized ODS ferrite with grain boundaries parallel and inclined 45°d irections with stress axis, and investigate the mechanism of grain boundary deformation of the recrystallized ODS ferritic steel.
Experimental Procedure
The composition of the ODS ferritic steel is Fe 15 mass%Cr2 mass%W0.35 mass%Y 2 O 3 , and specimens were cut from bar which were produced by a hot extrusion of the mechanically alloyed powders processing. After 85% cold rolling, specimen was recrystallized at 1150°C to make the elongated large grains. The creep test specimens were cut by an electric spark machining. The size of the specimen for the creep test is 5 mm in gauge length, 1.2 mm in width, 0.5 mm in thickness (see Fig. 1 ). Creep test were conducted at temperature at 800°C, 900°C and stress of 80120 MPa. The stress axis was aligned at parallel (LD) and 45 degree (45°) against the elongated grain direction, as shown Fig. 2 . In addition, for preventing surface oxidization, creep test was performed under Ar gas atmosphere. Ruptured elongation of the specimen was measured by joining two ruptured pieces after creep test.
Microstructural observations were conducted by optical microscopy (OM), scanning electron microscopy (SEM) and electron back scattering diffraction pattern (EBSD). Furthermore, a focused Ga + ion beam (FIB) with a JEOL JFIB-2300 system was utilized to make a 10 µm deep hole and to observe directly grain boundaries from the thickness direction of the plate specimen. 8) 3. Results Figure 3 shows inverse pole figure analyzed by EBSD in the recrystallized specimen. Overall fractions of coincident site lattice (CSL) boundaries (329) and random grain Therefore, the grain boundary in recrystallized ODS ferritic steel after annealing at 1150°C for 1 h belongs to almost CSL one.
The creep deformation for 45°specimen
As an example, Fig. 4 shows creep curve during the creep test of 45°specimen at 800°C and 80 MPa. The ruptured elongation was measured to be 12.4% by joining two ruptured pieces, and the rupture time is 344.6 h. At the initial stage of the stress loading, the specimen was deformed about 5%, which could be due to the motion of the movable dislocations existed in the recrystallized grains. The 45°s pecimen was continuously deformed from loading start to a fracture, and the strain rate is constant around 1 © 10 ¹7 s
¹1
during whole period of creep deformation. This specimen was ruptured without prominent tertiary creep deformation that is observed in the conventional heat-resistant steels like 9Cr2W0.1C. Figure 5 shows appearance of rupture area of 45°specimen. Because stress loading direction is aligned 45°against grain boundaries, corresponding to the direction of maximum shear stress, 45°specimen is completely ruptured along the grain boundaries. Figure 6 shows SEM micrograph of the ruptured surface of 45°specimen. The serration pattern was clearly observed near the grain boundaries, and is consisted of aggregation of many micro-cracks perpendicular to the stress direction. Figure 7 shows the creep curve of the LD specimen at 800°C and 124.8 MPa. The ruptured elongation was measured 20.0% by joining two ruptured pieces after creep test. The rupture time is 10.3 h and minimum creep rate is 1 © 10 ¹6 s ¹1 . The LD specimen was more deformed as compared with 45°specimen. Figure 8 shows a surface appearance of the ruptured LD specimen, and it seems to be ductile deformation mode. Figure 9 shows the double logarithm plot for the normalized stress and strain rate at 800°C. The strain rate can be expressed as eq. (1):
The creep properties of LD specimens

Discussions
where A is a term associated with material parameters and temperature. The n is stress exponent, which can be estimated from a gradient slope in Fig. 9 . It is turned out that the stress exponent n is 17 for LD and 11 for 45°. The rate-controlling processes for deformation are known that grain boundary sliding corresponds to n < 2, dislocation creep deformation n: 35 and dispersed strength by oxide particles n > 10. 10) Therefore, the estimated n-value of over 10 suggests that the dominant rate-controlling process for 45°and LD specimens is a dislocation movement overcoming pinning force by the dispersed oxide particles. This deformation process in the ODS ferritic steel could be ascribed to the role of locking and the breakaway phenomenon of the dislocation from much nano-cluster oxide particles. 9) In the case of grain boundary sliding for rate-controlling process, strain rate can be estimated by eq. (2):
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where D L is the lattice diffusion coefficient, d is grain size, E is Young's modulus. Substituting · = 80 MPa, D L = 5 © 10 ¹16 m 2 /s at 800°C, d = 10 µm for 45°specimen from Fig. 3 and E (Young's modulus) = 120 GPa 11) into eq. (2), strain rate dominated by grain boundary sliding can be estimated to be 3.6 © 10 ¹3 s ¹1 and shown in Fig. 9 . The strain rate estimated in this creep test is 4 orders of magnitude smaller than that of grain boundary sliding comparing 80 MPa creep test. Therefore, also from above consideration, the rate-controlling process for creep deformation of the recrystallized 15CrODS ferritic steel should not be dominated by simple grain boundary sliding. Figure 10 shows the structure at the cross section prepared by FIB. Gap can be seen at the interface between grain boundaries. This gap could be produced through the sliding between upper and lower grains. Thus, grain boundary sliding could proceed at the initial stage of creep deformation. However, almost all of grain boundaries belong to CSL one which can't easily slide.
12) It is considered that microcracks observed in serration pattern could be produced so as to release the stress accumulated by the grain boundary sliding. Dislocation creep overcoming pinning by oxide particles could also release the stress near grain boundaries. This behavior could be rate-controlling process for creep deformation. Figure 11 shows small grains between upper and lower grains. These sub-grains could be produced by the localized deformation near the grain boundaries because as-recrystallized specimens have no small sub-grains (Fig. 2) . So called dynamic recrystallization could be operated around grain boundaries during creep deformation. In addition, serration patterns were caused from localized shear stress along 45°S directions with stress axis grain boundaries (From Fig. 6 ). It is difficult for grain boundary to deform at special grain boundaries like CSL boundary in the ODS ferritic steel. The sub-grain formation inside grains during creep deformation is reported by Orlova. 1315) This phenomena shows that the region near grain boundary in the ODS ferritic steel is easily deformed rather than the intragranular area. It is considered that sub-grains were produced during high temperature creep deformation as increased the dislocation density, and thus from above consideration the local deformation near grain boundary could be the main deformation process of 15CrODS ferritic steel.
Conclusion
The creep test was performed for the recrystallized 15CrODS ferritic steel. The main results are summarized as following;
(1) The stress exponent n becomes over 10, which means that dispersion strengthening by oxide particles is the rate-controlling process for creep deformation, and creep rate was estimated to be order of 10 4 lower than that by simple grain boundary sliding rate-controlling process.
(2) The clear serration structure was observed along grain boundaries at the surface of the ruptured specimens. This serration could be produced so as to release the stress accumulated at grain boundaries for 45°s pecimen, because CSL boundary can't easily slide.
(3) Sub-grains are formed along grain boundaries. This behavior could be so called dynamic recrystallization.
Based on above consideration, the main deformation process of 15CrODS ferritic steel is dominated by the localized deformation near grain boundaries.
